The molecular basis for most non-HNPCC familial colorectal cancer cases is unknown, but there is increasing evidence that common genetic variants may play a role. We investigated the contribution of polymorphisms in two genes implicated in the pathogenesis of colorectal cancer, cyclin D1 (CCND1) and Ecadherin (CDH1), to familial and sporadic forms of the disease. The CCND1 870A/G polymorphism is thought to aect the expression of CCND1 through mRNA splicing and has been reported to modify the penetrance of HNPCC. Inactivation of E-cadherin is common in colorectal cancer, and truncating germline mutations have been reported to confer susceptibility to colorectal as well as diuse gastric cancer. The 7160A/C CDH1 polymorphism appears to aect expression of CDH1 and may therefore also confer an increased risk. We found a signi®cantly higher frequency of CCND1 870A allele in 206 familial cases compared to 171 controls (P=0.03). Odds ratios in heterozygotes and homozygotes were 1.7 (95% CI: 1.0 ± 2.66) and 1.8 (95% CI: 1.0 ± 3.3) respectively. The dierence was accounted for by an over-representation of A allele in non-HNPCC familial cases (P=0.007). Over-representation of the CCND1 A allele was also seen in sporadic colorectal cancer cases compared to controls but this did not attain statistical signi®cance (P=0.08). No signi®cant dierences between the frequency of CDH1 7160A/C genotypes in familial, sporadic colorectal cancer cases and controls were seen, although a possible association between the low expressing A allele and right-sided tumours was detected in familial cases.
Introduction
Colorectal cancer (CRC) is one of the commonest cancers in the western world. A recent twin study indicates that *35% of all colorectal cancer can be ascribed to inherited genetic susceptibility (Lichtenstein et al., 2000) . However, less than 5% of cases can be ascribed to dominant syndromes such as familial adenomatous polyposis coli (FAP) and hereditary non-polyposis colon cancer syndrome (HNPCC), which are associated with mutations in the APC tumour suppressor gene or mismatch repair genes (such as MSH2 or MLH1) respectively (Lynch and de la Chapelle, 1999) . Germline mutations detected in FAP and HNPCC kindreds are highly penetrant. Polymorphisms in the APC tumour suppressor gene and mismatch repair genes have been identi®ed, but they have generally been considered to have little pathogenic potential. This may not be the case. Thus Laken et al. (1997) ®rst drew attention to a possible relationship between the I1307K APC variant and colorectal cancer risk in the Ashkenazi population. The hypothesis that common variants of genes implicated in the pathogenesis of familial and sporadic colorectal cancer may act as low penetrance susceptibility genes led us to examine whether polymorphic variants in CDH1 or CCND1 might aect colorectal cancer risk.
Somatic inactivation of CDH1 by mutations or promoter methylation is frequent in colorectal and other cancers (Becker et al., 1994; Risinger et al., 1994; Berx et al., 1995; Gra et al., 1995; Ilyas et al., 1997) leading to increased cell mobility and possibly increased activity of the b-catenin/TCF transcription factor complex in the nucleus (reviewed in Christophori and Semb, 1999; van de Wetering et al., 2001) . Germline CDH1 mutations can cause familial diusetype gastric cancer (Guilford et al., 1998; Gayther et al., 1998; Richards et al., 1999) sometimes in association with early-onset colorectal cancer (EOCRC). Li et al. (2000) has recently reported that a common polymorphism of the CDH1 promoter (A/C at nucleotide 7160 relative to the transcription start point) markedly aects CDH1 transcription and hence may confer susceptibility.
Cyclin D1 is a key cell cycle regulatory protein. The CCND1 gene is a direct target for transactivation by the b-catenin/LEF-1 pathway through a LEF-1 binding site in the cyclin D1 promoter (Shtutman et al., 1999) . Elevated expression of CCND1 is seen in about a third of colonic adenocarcinomas (Arber et al., 1996) and expression of an anti-sense CCND1 cDNA suppresses the growth of colon cancer cells in nude mice, indicating a role for cyclin D1 in colorectal tumorigenesis (Arber et al., 1997) . CCND1 mRNA is alternately spliced between exon 4 and 5 to give two transcripts, which occur simultaneously in a number of tissues (Betticher et al., 1995) . The spliced transcript contains exons 4 and 5; the unspliced transcript reads through the end of exon 4 into intron 4. The splicing is modulated by a A/G polymorphism at nucleotide 870 (codon 242) in the splice donor region. Transcripts arising from the A allele are less likely to be spliced than those from the G allele. Both the spliced and unspliced transcripts encode proteins that contain the functional cyclin box (amino acids 55 ± 161). However the unspliced transcript does not contain the exon 5 sequence, encoding a PEST destruction box responsible for the rapid turnover of the protein. This may confer a longer half-life on the alternate protein (Betticher et al., 1995) . At the outset of this study, the CCND1 870A/G sequence variant had been evaluated as a modi®er of colorectal cancer tumorigenesis in two previous investigations: Kong et al. (2000) reported that HNPCC gene carriers with an AG or AA genotype developed colorectal cancer *10 years earlier than patients with the GG genotype. In addition, McKay et al. (2000) did not detect an association between the 870A/G and survival in patients with sporadic colorectal cancer.
To examine the relationship between 870A/G CCND1 and CDH1 7160A/C status and colorectal cancer risk we carried out a case-control study of these two polymorphisms in familial and non-familial disease. The CCND1 870A was signi®cantly overrepresented in cases, especially in non-HNPCC familial colorectal cancer patients, suggesting that this variant acts as a low penetrance colorectal cancer susceptibility gene.
Results

Cyclin D1 genotypes in familial (HNPCC and non-HNPCC) colorectal cancer
We compared the cyclin D1 genotype frequencies at the CCND1 870A/G sequence variant in 206 colorectal cancer patients with a positive family history to those observed in control samples. The distribution of alleles in controls was in Hardy-Weinberg equilibrium (w 2 =0.09, 1 df. P=0.76). The frequency of the A allele homo-or heterozygotes in familial cases (155/ 206) was higher than that in 171 controls (111/171, P=0.031). Compared to CCND1 870 GG homozygotes, the AG genotype was associated with a 1.7 increased risk (CI 1.0 ± 2.7) of colorectal cancer and the AA genotype with a 1.8 increase in risk, (1.0 ± 3.3).
The distribution of genotypes in cases with a family history of HNPCC (n=99) was not signi®cantly dierent from controls (Table 1) . However, the A allele carriers (hetero-or homozygotes) were signi®-cantly more common in non-HNPCC familial cases than in controls (86/107 versus 111/171, P=0.007) ( Table 1 ). In non-HNPCC familial cases both AG and AA were associated with signi®cantly increased risks, 2.2 (95% CI: 1.2 ± 4.0) and 2.2 (95% CI: 1.1 ± 4.6) respectively. The frequency of AA and AG genotypes was similar in non-HNPCC with early onset (550 years) colorectal cancer (42/49) and in later onset cases (44/58).
Cyclin D1 genotypes in sporadic colorectal cancer
Comparison of the cyclin D1 genotype frequencies at the CCND1 870A/G sequence variant in 128 patients with sporadic colorectal cancer and in 171 controls did CDH1 7160A/C sequence variant in familial colorectal cancer
The distribution of genotypes for the 7160A/C CDH1 sequence variant was compared in 162 familial cases of colorectal cancer and in 171 controls. The distribution of CDH1 7160 alleles in controls was in HardyWeinberg (w 2 =3.30, 1.df, P=0.06). There were no signi®cant dierences between the CDH1 7160 genotypes of controls and sporadic or familial cases (see Table 1 ).
As loss of E-cadherin function might be more important in the pathogenesis of right-sided tumours than left-sided tumours (see later) we compared tumour site with CDH1 7160A/C genotype in 140 familial cases in which this information was available. Four/®ve (80%) AA homozygotes had a right-sided tumour compared to 22/55 (40%) of AC heterozygotes and 23/80 (28.8%) in CC homozygotes. The observed association between right-sided tumours and CDH1 7160 sequence variant genotype in familial cases was statistically signi®cant (w 2 =6.43 P=0.04). The association between the CDH1 7160A allele and right-sided tumours was present in both the HNPCC and non-HNPCC subgroups of familial cancer but was not statistically signi®cant because of the smaller numbers. Thus 75% (14/19) HNPCC cases with an AA or AC genotype had a right-sided tumour compared to 56% (14/25) CC cases; and 29% (12/41) AA or AC genotype non-HNPCC familial cases had a right-sided tumour compared to 16% (9/55) with a CC genotype.
CDH1 7160A/C sequence variant in sporadic colorectal cancer
The distribution of genotypes for CDH1 7160A/C in 128 sporadic cases analysed was similar to that in controls (see Table 1 ). As the A allele appeared to be associated with right-sided tumours in familial cases we looked for an association between CDH1 genotype and tumour site. Although three of four cases (75%) with an AA genotype had right-sided tumours compared to 35 of 121 (28.9%) with AC or CC genotypes, this dierence was not statistically signi®cant (P=0.08).
Discussion
We detected an overrepresentation of the CCND1 870A alleles in familial and sporadic colorectal cancer cases compared to controls. Among all cancer cases the frequency of CCND1 870A allele homo-and heterozygotes was signi®cantly greater than in controls (OR 1.58; 95% CI: 1.06 ± 2.37). This supports our prior hypothesis that the CCND1 870A allele may represent a low penetrance colorectal cancer susceptibility allele similar to that suggested for the APC I1307K variant in Ashkenazi Jews and E1317Q in non-Ashkenazi populations (Laken et al., 1997; Frayling et al., 1998) . As with I1307K and E1317Q, we found that overrepresentation of CCND1 870A carriers was greater in familial cases than in sporadic patients. While the risk of colorectal cancer associated with this polymorphism may be modest, the possible impact on the overall burden of colorectal cancer may be signi®cant, possibly contributing to *24% of all cases.
Our hypothesis predicted that low-penetrance variants such as CCND1 870A would not be expected to be associated with large kindreds containing 4 three individuals and a high risk of colorectal cancer, but would perhaps be predicted to be most relevant to small clusters of cases (e.g. two aected individuals) or moderate sized families with evidence of incomplete penetrance. Therefore the observation that the overrepresentation of CCND1 870A carriers in familial cases was accounted for by a markedly increased frequency in non-HNPCC cases (rather than in HNPCC cases) would be consistent with our original hypothesis. While the frequency of APC I1307K in Ashkenazi populations is 510%, the frequency of CCND1 870A homo and heterozygotes in our controls (and those reported by others) is *65%. Hence a common variant such as CCND1 870A may well account for a greater proportion of cases.
Transcripts originating from CCND1 870A alleles are less likely to produce a spliced mRNA containing exon 5 than those transcribed from 870G alleles. However given that both transcripts are produced in all samples including those homozygous for AA and GG it appears that both A and G alleles can encode both transcripts to varying extents. The terminal sequence of the cyclin D1 variant lacking exon 5 has no PEST rich sequence, suggesting that the half-life of this protein might be longer. Thus, CCND1 870A alleles are likely to produce more of a stable cyclin D1 protein than 870G alleles. Four previous studies have investigated possible associations between the CCND1 870A/G variant and colorectal cancer. Kong et al. (2000) reported an earlier onset of colorectal cancer in HNPCC gene carriers with an AG or AA genotype than in patients with the GG genotype. Our study was not designed to investigate this hypothesis (e.g. we did not study unaected gene carriers) but the concept that the CCND1 A allele is a low-penetrance susceptibility factor would be consistent with the observations of Kong et al. (2000) . Recently, Bala and Peltomaki (2001) reported that although they did not ®nd an association between age at onset of colorectal cancer in HNPCC gene carriers and CCND1 870A/G genotype, they did ®nd an association between age at onset and CCND1 splicing variant expression. Kong et al. (2001) have recently reported a hospital-based case-control study of 156 subjects with colorectal cancer (7% of whom met the Amsterdam criteria). They found an over-representation of the AA genotype in all colorectal cancer cases (OR *2.6). Although our study diers from that of Kong et al. (2001) in a number of variables, both studies implicate CCND1 870A/G genotype in colo-rectal cancer susceptibility. While an association between CCND1 870A/G genotype and survival might complicate the interpretation of our results, in a previous report no evidence for such an association was found (McKay et al., 2000) . In addition to studies of colorectal cancer, Platz et al. (2000) reported that in families with hereditary melanoma carriers of A allele had an average age at melanoma diagnosis 10 years earlier than those patients homozygous for a G allele.
We did not ®nd any strong indication that CDH1 7160A/C variant status in¯uenced susceptibility to colorectal cancer. To our knowledge there are no other studies of this variant and colorectal cancer susceptibility, but in a small study of 24 familial gastric cancer cases there was no dierence in CDH1 7160A/C variant genotypes between familial cases and normal controls (Yoon et al., 2001) . Similarly, MacLeod et al. (2001) reported no signi®cant dierences between the CDH1 7160A/C genotypes of prostate cancer cases (n=67) and controls (n=79), although there was an association between the presence of the C allele and a higher Gleason's score suggesting that the CDH1 7160A/C genotype might in¯uence transition of prostate carcinoma to a metastatic phenotype. We were prompted to investigate possible associations between CDH1 7160A/C genotype and colorectal cancer site by previous studies which had demonstrated that the left-side of the colon is relatively protected from E-cadherin downregulation by the compensatory increase in P-cadherin which can substitute for many functions of E-cadherin (Jankowski et al., 1998; Hardy et al., 2002) . In addition we have shown that Pcadherin is expressed very early in colorectal dysplasia and will also abrogate some of the biological eects of decreased or mutant E-cadherin, namely decreased adhesion and increased migration (Hardy et al., 2002) . Thus we reasoned that the low expressing CDH1 7160A allele might be likely to preferentially in¯uence the pathogenesis of right-sided tumours. Clearly the association of CDH1 7160A/C genotype with rightsided tumours in familial cases in our study is preliminary and requires con®rmation, but this ®nding is compatible with the known functional signi®cance of the A allele and the dierences in E-cadherin biology between the proximal and distal large bowel.
We have identi®ed a signi®cant association between colorectal cancer susceptibility and a functionally signi®cant variant in a candidate colorectal cancer gene. Further studies are required to con®rm this association and to de®ne the absolute risks of colorectal cancer in dierent CCND1 genotype subgroups. Such studies will provide a basis for determining whether CCND1 870A/G genotyping will be useful for targeting colorectal cancer screening programmes. A major advance in the management of non-HNPCC familial colorectal cancer would be the ability to identify individuals at risk of right-sided colonic tumours who require colonoscopy rather than¯exible sigmoidoscopy. Hence, further studies of the apparent association of right-sided tumours with the CDH1 7160A allele in genetically susceptible individuals are warranted, because of the potential clinical implications of this ®nding.
Materials and methods
Subjects
Peripheral blood samples for DNA extraction were obtained from 334 patients with colorectal cancer. Familial colorectal cancer cases (n=206; mean age (+s.d.) 49.0+12.42 years; males:females 1.11) were ascertained from ®ve genetics centres within the UK. Family histories were obtained by interview and con®rmed by reference to hospital records, cancer registry records or death certi®cates wherever possible. Sporadic colorectal cancers (n=128; mean age (+s.d.) 55.6+12.95 years; males: females 1.46) were ascertained randomly through population-based surveys of colorectal cancer in Eastern and Central England. Family history was obtained by interview. Results of investigations for microsatellite instability in a subset of sporadic and familial cases have been reported previously (Brassett et al., 1996; Verma et al., 1999) . A diagnosis of HNPCC was made if (a) family history satis®ed Amsterdam or modi®ed Amsterdam criteria (Lynch and de la Chapelle, 1999) or (b) a germline mismatch repair gene mutation was identi®ed (for details see http:// www.bham.ac.uk/ICH/genetics.htm). A diagnosis of non-HNPCC familial colorectal cancer was made if the proband had one or more close relatives with colorectal cancer but did not satisfy HNPCC diagnostic criteria: The commonest reasons for not satisfying Amsterdam criteria were all aected patients aged 450 years at diagnosis or only two cases of colorectal cancer (see Brassett et al., 1996) . Control blood samples were collected from 171 non-cancer patients (mean age (+s.d.) 50.7+12.95; males: females=1.11) undergoing genetic testing for unrelated disorders. The mean ages of familial cases and controls were similar (P=0.2), but controls were signi®cantly younger than sporadic cases (P50.01).
Detection of polymorphisms
CDH1 genotyping The CDH1 7160C/A promoter polymorphism was genotyped using polymerase chain reaction restriction fragment length polymorphism analysis. A 259 bp fragment was generated using the primers PF1: AGT-GAGCTGTGATCGCACCACT and PR2: CCACCCGGC-CTCGCATAGACG. PCR fragments were generated in an OmnE thermal cycler (Hybaid Ltd) in a buer of 10 mM Tris-HCl (pH 8.8), 50 mM KCl, 0.01% gelatin, 0.2 mM dNTPs, 1 mM MgCl 2 with 5 pmoles each primer plus 0.3 U Taq polymerase (Life Technologies Ltd) and 100 ng DNA per 15 ml reaction at an annealing temperature of 678C. The 259 bp PCR product was then cut with the enzyme HincII according to the manufacturer's instructions (New England Biolabs Ltd). The PCR fragment obtained containing the 7160 bp C allele is not cleaved by the enzyme. The fragment containing the A allele is cleaved into pieces of 234 bp and 25 bp. The cleavage products were then dierentiated on a 10% polyacrylamide gel Figure 1 ). DNA sequencing analysis on a subset of samples was performed on an ABI 377 to con®rm the restriction digests.
Cyclin D1 genotyping The A/G CCND1 polymorphism at nucleotide 870 (codon 242) in exon 4 was also genotyped using polymerase chain reaction restriction fragment length polymorphism analysis. A 167 bp fragment of the CCND1 was ampli®ed by PCR as above except using the primers C26F: GTGAAGTTCATTTCCAATCCGC and C27R: GGGACATCACCCTCACTTAC (Betticher et al., 1995) and an annealing temperature of 578C. The 167 bp PCR product was then cut with the enzyme ScrF1 according to the manufacturer's instructions (New England Biolabs). The PCR fragment obtained from the allele containing the A allele at position 870 is not cleaved by the enzyme whereas the G allele at position 870 is cleaved into pieces of 145 and 22 bp. The cleavage products were visualized on a 10% polyacrylamide gel (Figure 1 ) and digest products con®rmed by DNA sequencing.
Statistical analysis
To test for population strati®cation, the distribution of genotypes in controls was tested for a departure from HardyWeinberg equilibrium. The relationship between CCND1 and CDH1 genotypes and colorectal cancer risk was assessed by means of the odds ratio (OR) with 95% con®dence limits calculated by logistic regression adjusting for age and sex. For each polymorphism, ORs were determined for individual and grouped genotypes. The signi®cance of the dierence in frequency of genotypes between cases and controls was assessed by Fisher's exact test. All statistical manipulations were undertaken using the program STATA (Version 6.0, Stata Corporation, 702 University Drive East, College Station, Texas 77840 USA http://www.stata.com). 
